Introduction
Stem cell transplantation in the context of regenerative medicine relies on the unique potential of stem cells to regenerate the entire stem cell system, including all progenitor and mature cell types, and thereby to reconstitute damaged tissues [1] . This was impressively demonstrated by hematopoietic stem cells (HSCs) which, following transplantation, give rise to all hemato/lymphoid lineages, leading to a life-long reconstitution of the entire hematopoietic system. This exclusive potential makes HSCs a clinically relevant stem cell type. The developmental potential of HSCs is generally regarded as being limited in the sense that HSCs are committed exclusively to their tissue of origin, namely the hematopoietic system. However, some studies claimed that HSCs can also contribute to unrelated tissues and thus show a broad non-tissuerestricted differentiation potential [2] . Here we review basic biological and clinical aspects of HSCs, and we discuss myths, facts, and future directions of clinical HSC biology.
A Brief History of Hematopoietic Cell Transplantation
Fundamental work on the biology of radiation-induced tissue damage during the first decades following World War II constituted the stem cell research field and generated a series of seminal findings in animal models that paved the way for today's therapeutic use of HSCs. The era of hematopoietic cell transplantation (HCT) began with work done by Lorenz et al. [3] and Jacobson and colleagues [4] who showed that lead shielding of the spleen and bone marrow protected mice from the lethal effects of ionizing radiation and that transplantation of spleen or marrow cells into Xirradiated animals mediated the protection from hematopoietic
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Summary
Hematopoietic stem cells (HSCs) are the best characterized adult stem cells and the only stem cell type in routine clinical use. The concept of stem cell transplantation laid the foundations for the development of novel cell therapies within, and even outside, the hematopoietic system. Here, we report on the history of hematopoietic cell transplantation (HCT) and of HSC isolation, we briefly summarize the capabilities of HSCs to reconstitute the entire hemato/lymphoid cell system, and we assess current indications for HCT. We aim to draw the lines between areas where HCT has been firmly established, areas where HCT can in the future be expected to be of clinical benefit using their regenerative functions, and areas where doubts persist. We further review clinical trials for diverse approaches that are based on HCT. Finally, we highlight the advent of genome editing in HSCs and critically view the use of HSCs in non-hematopoietic tissue regeneration.
death. The field of HCT began with these observations: In 1961, Till and McCulloch [2] reported in a landmark paper a method for the quantification of hematopoietic progenitor and stem cells by the spleen colony-forming unit (CFU-s) assay. This paper and subsequent work revealed that the normal hematopoietic compartment is structured as a hierarchy with HSCs at the top and that clonal cells in the marrow can differentiate into all blood cell lineages. In aggregate, the results showed that stem cells are rare cells with two functional attributes that distinguish them from all other cell types in the body: i) They have the capacity to replicate to form daughter cells with a similar developmental potential, that is to self-renew; ii) they have the capacity to differentiate via progenitor cells into a large number of mature cell types that carry out tissuespecific functions [5] .
In parallel to the work done to characterize the biological properties of HSCs, there was a sense that before HCT could be used to treat hematological malignancies, the transplantation barrier imposed by differences in surface antigens between donor and recipient cells had to be overcome. In the 1950s and 1960s, a number of small and large animal models were established to elucidate the molecular components of histocompatibility relevant for allogeneic HCT. In 1959, Thomas et al. [6, 7] reported that bone marrow from a healthy identical twin restored the blood system of a leukemic child. This and other observations revealed that a high degree of serological or genetic matching between donor and recipient is required and, of similar importance, that the graft mounted an immune reaction against the leukemia [8] . Building on observations from allogeneic bone marrow transplantations between dogs with matched and unmatched leukocyte antigens and refining the ablative regiment to destroy the tumor cells, Thomas and his team overcame one of the main hurdles of allogeneic cell transplantations by carefully selecting donor/patient matches for human leukocyte antigen (HLA) types before bone marrow transplantation [9, 10] and thereby paved the way to the establishment of successful HCTs.
The Entire Hematopoietic System Can Be Reconstituted by a Minute Population of Stem Cells
In spite of the progress made in the development of autologous and allogeneic HCT between 1960 and 1980, it was not clear which cell type is responsible for the complete and long-term repopulation of the hematopoietic system in recipients and whether it can be phenotypically defined. An obstacle to studying HSCs however is that these exquisite cells are found at a very low frequency.
As the mouse is an indispensable model system for studying hematopoiesis, these studies were done on murine bone marrow cells. Early studies aiming to purify HSCs used a separation of cells by size and density [11] . Later, antibodies against mature and progenitor cells plus flow cytometric sorting (FACS) were deployed to prospectively isolate HSCs with the use of a variety of phenotypic surface markers. 30 of the sorted lineage maker negative (LIN-), Thy1 low and Sca1+ cells were sufficient to save half of the lethally irradiated mice and to reconstitute all blood cell types [12] . Further research showed that injection of a single CD34 low/-, c-Kit+, Sca-1+, Kit+, LIN-cell into irradiated mice resulted in long-term reconstitution of the lympho/hematopoietic system [13] . Also alternative surface markers such as the SLAM (signaling lymphocyte activation molecule) receptors (CD150, CD244, and CD48), DNA binding dyes or the aldehyde dehydrogenase activity were used to distinguish and separate mature and progenitor cells from HSCs [14] . The establishment of clonal assays and stringent functional read out systems greatly facilitated the identification of hematopoietic progenitor and stem cells [15] .
The search for human HSCs used the murine HSC isolation strategy as a template, including cell separation based on the absence or presence of specific surface markers. Rapidly, the purification of human HSCs centered around the glycoprotein CD34 which is expressed in rare bone marrow cells [16] . CD34 expression ceases during hematopoietic development. The stem cell antigen CD34 enriches clonogenic hematopoietic progenitor cells and CD34+ cells engraft the hematopoietic system in baboons and in patients [17, 18] . After establishing immune-deficient xenograft models for the efficient engraftment of the human hematopoietic system in mice, Bhatia et al. [19] showed that human HSCs have a LIN-, CD34+ and CD38-phenotype. Further multi-parametric flow cytometry and immune phenotyping showed that purified human HSCs express CD34, CD90 and CD49f but not CD38 or CD45RA [20] .
The ability to highly purify HSCs facilitates molecular analyses that aim to better understand the growth and differentiation properties of this rare but potent cell type. Purification of HSCs can also be used to develop rational treatment options against leukemic cells. Currently, most clinical HSC transplants use mononuclear cell fractions from bone marrow, peripheral blood, or cord blood. However, techniques which enrich HSCs and deplete accessory cells have been developed and have in part been introduced into clinical practice, as outlined below. For further details on the isolation and molecular regulation of human HSCs see Weissman and Shizuru [21] and Doulatov et al. [20] .
Establishment of Hematopoietic Cell Transplantation as a Revolutionary Treatment for Life-Threatening Hematopoietic Diseases
The success of allogeneic HCT in patients by Thomas and his team [9, 10] created worldwide attention and spurred enormous activities to establish this complex treatment for more patients. In addition to acute myeloid leukemia and primary immune deficiencies, HCT was established as a therapy for patients with chronic myeloid leukemia, acute lymphatic leukemia, aplastic anemia, and hemoglobinopathies [22, 23] . Following conditioning by chemoor irradiation therapy and HCT, the regeneration of the hematopoietic system is almost universally achieved within 2-4 weeks. However, major mortality is caused by acute and/or chronic graftversus-host disease, or relapse in the case of malignancy. If stable donor-type hematopoietic chimerism is reached, cure rates are between 30 and 70% for several malignant diseases and even higher in children [24] . Figure 1 gives an overview on the current diagnoses leading to allogeneic HCTs performed 2012 in Europe. In 2012, 37,818 HCTs were conducted in a total of 33,678 patients (14,165 allogeneic, 19,513 autologous) [25] . The diagnoses comprise leukemic and lymphoproliferative disorders as well as benign inherited hematopoietic diseases, and only a relatively minute fraction of other indications. Allogeneic and autologous HCTs represent fundamentally different transplantation strategies. In allogeneic HCT, in addition to a new hematopoietic system, also a complete foreign immune system is transplanted. This includes the potential generation of an anti-leukemia reactivity. Allogeneic HCT requires matched donors and elaborated pre-transplant diagnostics to select the best possible transplant as well as highly complex treatment schedules. In autologous HCT the patient's own HSCs are transplanted. Autologous HCT is the preferred treatment option for patients with tumors of the lymphatic system such as multiple myeloma or various forms of non-Hodgkin's lymphoma (NHL) [26] . Autologous HCT has evolved as an alternative for patients who are physically less suitable and/or lack a suitable donor. Autologous HCT has also been extended to patients with some solid tumors, including pediatric and germ cell tumors [27] . In a more recent approach, autologous HCT has been established for the treatment of autoimmune diseases following rigorous depletion of autoreactive lymphocytes [28] . Whereas in solid tumors HSCs mediate primarily the reconstitution of the hematopoietic system, in autoimmune diseases they are mainly employed to replenish lymphopoiesis after dose-intensified eradication of lymphocytes. Current diagnoses for autologous HCT are also summarized in figure 1.
Prerequisites for the Clinical Use of Hematopoietic Cell Transplantation
The routine clinical use of HCT also required the overcoming of a number of other critical hurdles. Firstly, effective preparatory regimens which safeguard the thorough and permanent ablation of malignant cells and which at the same time suppress the host's immune system were developed [24, 29] . Secondly, the selection of suitable donors by quality-assured HLA typing was established using standardized nomenclature for HLA types and worldwide cooperation of donor registries [30, 31] . Thirdly, methodologies were developed intended to pharmacologically suppress immune reactions during the engraftment phase, specifically graft-versushost disease and host-versus-graft reactions resulting in engraftment failure [23, 31] . Also, substitution of platelets and erythrocytes by transfusions and refined antibiotic regimens to prevent infection during hematopoietic aplasia including antiviral and anti-fungal medications may become necessary [24] . Finally, protocols for a sensitive monitoring of the regeneration of the hematopoietic and immune cells and the early recognition of potential disease relapses were established [32] . For a more detailed review on the current status of both allogeneic and autologous HCT see Gyurkocza et al. [24] .
What Is an Ideal Hematopoietic Cell Graft?
During the establishment period of HCT, bone marrow obtained under general anesthesia was used as a source of hematopoietic cells. The availability of hematopoietic colony stimulating factors (CSFs) and the observation that short-term granulocyte-macrophage colony-stimulating factor (GM-CSF) treatment mobilizes HSCs into the blood, led to the establishment of peripheral blood stem and progenitor cells (PBSC) as an efficient and easily obtainable HCT graft [33, 34] . In a series of single patient trials in children for whom no donor was available, cord blood preserved from their younger siblings has been introduced as a third source of HSCs in the clinic. This transplant source has been originally established for patients in lack of a suitable donor using either family members or unrelated donors, and has since been established as a valuable transplant source for children [35, 36] . Routinely, most current HCT grafts nowadays contain in addition to HSCs both accompanying progenitor cells and different mature cell types ( fig. 2 ). Co-transplanted lymphocytes constitute effectors of acute and chronic graft-versus-host disease and are potentially highly detrimental to the treatment outcome. This pushed the development of technologies that remove lymphocytes from the graft or, Fig. 1 alternatively, allow enrichment of HSCs by positive selection [37] [38] [39] . The possibility to deplete T and B lymphocytes down to low numbers in HSC grafts or, alternatively, by in vivo depletion using post-transplant cyclophosphamide has widened the use of allogeneic HCT in children by using parents as donors in haploidentical stem cell transplantation [40] . Natural killer (NK) cells contained in the graft were found beneficial, since they can carry anti-leukemic potential and may be preserved or also enriched [41] . The CD34+ cell fraction has been found to contain virtually all cells required for long-term and multi-lineage hematopoietic engraftment, but no immune effector cells. This is of importance for HCT in patients with inherited immune deficiencies for whom no isogenic donors were available [42] .
The possibility to 'add back' donor lymphocytes that were either separately frozen at the time of HSC harvest or collected from the donor later in critical clinical situations weeks to months after HCT has widened the therapeutic options of HCT and supports the concept of the still somewhat enigmatic 'graft-versus-leukemia' effector cells [43] . Thus, manipulated HCT grafts have been implemented into clinical practice mainly in allogeneic HCT to allow for a better control of immune rejection and graft-versus-host disease. More recently, approaches to deplete transplanted immune cells by application of cyclophosphamide immediately post transplantation yielded promising results. This could, at least in part, make some graft manipulations superfluous [44, 45] .
What Are Current Challenges in Hematopoietic Cell Transplantation?
Ethnical Issues
In most parts of the Western hemisphere, it is currently possible to find a donor with a suitable HLA match for the vast majority of patients. For members of many non-Caucasian population groups however, the chance to find a suitable donor is still much lower. Moreover, HCT has been established only slowly in less developed countries. This imposes great challenges on the stakeholders to transfer at least some of the benefits of HCT to more patients worldwide, supported by international programs such as the World Marrow Donor Association (WMDA) that aim to improve access to HCTs [46] .
Understanding Better the Immunology Involved in Graft-versusHost Disease and in Antitumor Activity
In a proportion of patients, immunological rejection or graftversus-host disease after allogeneic HCT represents a major clinical problem. Studies are under way to evaluate how effective the current HLA matching and donor selections are performed and in which way improvements could be implemented, e.g. through the use of additional HLA or non-HLA determinants [46, 47] . Moreover, haploidentical HCT harbors potential to make HCT accessible to more patient groups in the future [40, 42] . In a different approach, the toxicity of the conditioning regimes was reduced [48, 49] . The field of HCT application could potentially be widened, since allogeneic HCT induces immune tolerance to transplanted tissues and organs, e.g. the kidney [50] . This holds great promise to improve survival and function of transplanted organs, and possibly other issue transplants, but is still at a pre-clinical stage and does not necessarily need HSCs. In the area of leukemia therapy, a challenging question is the identification and characterization of the cell population(s) that cause the graft-versus-leukemia effect [51] . The identification of these cells serves as a means to analyze their presence and numbers in the donor and to isolate and infuse them in distinct clinical situations. The genetic modification to immune effector cells, e.g. T lymphocytes with recombinant chimeric antigen receptors as a tool to re-direct these cells to tumors, has been developed as a clinical tool in the last decade, leading to therapeutic successes already in children with acute lymphatic leukemia [52, 53] . 
Insufficient HSC Numbers
The banking of cord blood HSCs has led to a further increase in the availability of HCT grafts with suitable HLA types for patients in need of allogeneic HCT [35] . However, small HSC numbers in these grafts correlate with delayed or even absent hematopoietic reconstitution. Both, double and triple cord blood transplantation protocols as well as ex vivo expansion protocols on stromal cell layers have demonstrated a potential to overcome engraftment deficits and to reduce graft failure rates [54] . Co-transplantation of mesenchymal stromal cells (MSCs), of 'facilitating' lymphocytes, or of ex vivo expanded neutrophil precursor cells may improve engraftment of transplants containing low HSC numbers, yet require further clinical development ( fig. 2) [54] [55] [56] [57] . Also, experimental work is needed to understand the molecular mechanisms that regulate the self-renewal and differentiation of HSCs. Recent pre-clinical studies indicated that strategies which specifically target both global and gene-specific histone modifications are effective for the robust ex vivo expansion of hematopoietic progenitor and stem cells [58] [59] [60] . The refinement and optimization of HSC expansion strategies using chromatin-modifying agents provides a potential new avenue for manufacturing increased numbers of HSCs.
New Stem Cell Sources
Potential sources for future HCT constitute embryonic stem cells, induced pluripotent stem cells and, lately, directly reprogrammed cells [61] . These strategies however are currently at a very early experimental stage, and their clinical use critically depends on the development of robust differentiation protocols that generate sufficient HCT for long-term and multi-lineage reconstitution in due time. Also, safety issues have to be clarified. It may prove difficult to carry these new strategies to transplantable progenitor and stem cells; however, they may generate mature cells such as erythrocytes for transplantation [62] . Rather than for transplantation therapy, these cell sources will become relevant for in vitro disease modeling, drug discovery, and toxicology studies.
Hematopoietic Cell Transplantations in Clinical Trials for Tissue Regeneration: Current Status
Clinical trials using HCT can be divided in two groups: one group are studies in which HCT aims at reconstituting the hematopoietic system (e.g. blood or bone marrow malignancies, nonmalignant blood disease, solid tumors or autoimmune disease). In studies of the second group, the HCT is supposed to affect other tissues, such as liver, heart or neurologic tissues. As shown in table 1, approximately 92% of the clinical HCT trials aiming at reconstitution of the hematopoietic system are performed in the EU and North America. Notably, the relatively new emerging approaches aiming at regenerating non-hematopoietic tissues by HSC transplantation are mostly carried out in other countries than North America or the EU. Out of 136 studies concerning liver disease, heart disease, or neurologic disease, 47.1% are performed outside the EU and North America, most of them (38.9%) in Asia. This might be caused by a recent boom of the clinical trial sector in Asian countries and cultural issues as well. At this time, it seems difficult to draw conclusions regarding both the efficacy of these trials and the mechanisms by which they benefit non-hematopoietic tissues.
Myths, Facts, and Future Directions Using Hematopoietic Cell Transplantation to Regenerate Hematopoietic and Non-Hematopoietic Tissues
As indicated in the previous chapters, HSCs are the best characterized somatic stem cell type, and to date HSCs are the only stem cells in routine clinical use. Despite the extended knowledge on HSC biology, some time ago it came as a great surprise that several reports claimed that differentiating HSCs may cross germ layer boundaries and that they might be capable to differentiate into mature cells of unrelated stem cell systems. For example, pre-clinical studies suggested that HSCs from bone marrow and cord blood should have the ability to repair the infarcted heart, improving function and survival in a murine systems. Immediately, this observation triggered the launch not only of pre-clinical but, surprisingly, also of numerous clinical studies [63, 64] . Based on these claims, a general debate emerged whether somatic stem cells including HSCs could have a wider, possibly even unlimited differentiation potential similar to pluripotent embryonic stem cells [65] . The hypothesis that adult stem cells can 'transdifferentiate' was based on the concept that the lineage commitment of differentiated cells may be not as fixed as previously believed, and that environmental cues can alter cell lineage identities [66] . However, further studies using state-of-the-art cell and stringent molecular tools that allowed the clonal tracking of cells failed to demonstrate reproducibility and seriously challenged the notion of adult stem cell plasticity. In contrast to the hypothesized 'transdifferentiation', these studies revealed that the majority of the transplanted HSCs either died or differentiated into hematopoietic cells and that some progeny of HSCs can, at low frequencies, fuse with unrelated cells such as cardiomyocytes [67, 68] . Furthermore, a critical evaluation of clinical trials in patients with acute and chronic heart disease from diverse etiologies revealed that bone marrow cells neither engrafted over significant time periods nor differentiated into cardiomyocytes, and only modest short-und no long-term benefits of transplanted bone marrow cells were seen [69] . Similarly, proof is lacking in both pre-clinical and also clinical studies that HSCs confer regenerative functions for tissue systems other than lymphohematopoiesis. Thus, the developmental potential of HSCs, similar as that of other adult stem cell types, is restricted to their innate stem cell system and tissue. The benefit of ectopically transplanted HSCs therefore most likely is based on paracrine effects [70] . Considered with hindsight, this episode calls for great caution before pushing laboratory studies into the clinics and prematurely publishing paradigm shifts.
A dream that has come true for basic and applied researchers is the development of tools for the efficient and safe modification of specific genomic loci in HSCs and in other cell types. To date, gene delivery has generally relied on the use of viral vectors with random genome integration into the host DNA and their inherent difficult to influence and variable gene expression levels. In the past few years, specific gene 'scissors' including zinc-finger nucleases (ZFN), transcription-activator-like effector nucleases (TALENs) and CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/RNA-guided nuclease CAS9) were developed for the efficient modification of any genetic loci in any cell type [71] . The RNA-guided CRISPR/Cas9 genome editing tool has particularly revolutionized basic and applied science similar to the polymerase chain reaction (PCR) technology, which opened new avenues of genetic testing and manipulation. In nature, CRISPR/Cas9 is part of a bacterial defense system. The CRISPR/Cas9-mediated genome editing is a new development, and its applicability in a variety of cell types including early embryonic and adult stem cells such as murine and human HSCs was shown [72, 73] . Furthermore, the genomes of monkey and human zygotes were efficiently modified by CRISPR/Cas9, although the genomes also contained unwanted off-target mutations [74, 75] . The feasibility of human germ line gene modification sparked high-profile debates about the ethical implications of such work.
Clinical genome editing was first described in 2009 using ZFNbased gene editing of the HIV receptor CCR5 in autologous CD4+ T cells of HIV patients [76] , and a ZFN-based gene editing trial to prove the feasibility of a genetic therapy in hemophilia patients is underway [77] . The potential of this technology for a genetic therapy of multiple disease-causing mutations such as β-thalassemia or primary immune deficiencies is currently being explored [78, 79] . The newly engineered high-fidelity Cas9 variant with no detectable off-target effects provides a further advance for the potential therapeutic application of CRISPR/Cas9 genome editing tools [80] . In conclusion, the possibility and first clinical application of precise genetic modification of HSCs is evidence that the age of clinical genome engineering has begun.
Outlook
As reviewed above, HCT developed from an experimental concept to a safe clinical cure for an ever-increasing number of indications related to hematopoietic regeneration. In contrast, the role of HSCs in the regeneration of unrelated tissues lacks proof. Despite the firm anchorage of HCT in everyday clinical practice, the HSC field still faces critical challenges, such as insufficiencies in donor repertoire for a number of ethnicities which is increasingly overcome by haplo-HCT, insufficient HSC numbers e.g. in cord blood samples, a lack of efficient HSC expansion protocols, innovative ways to fine-tune immune suppression as well as reagents and methods that allow to better detect, isolate and culture-expand tumor-targeting immune cells. Both basic and clinical research communities will have to intensify their joint efforts to further develop evidence-based cures in order to give more, and also more elderly, patients access to the benefits of HCT.
